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SUMJRI 



The rational design of high output coiabustors for jet propelled 

aircraft requires an accurate tocmiledge of liquid vaporization rates© 

A possiole means of acquiring this knowledge is through tlie use of 

an experimental test apparatus irSiich simulates the preignition zone 

of a combustoro Such an apparatus with the proper instrumentation 

can provide the experimental data necessary to calculate tie heat 

transfer involved in the vaporization of a fuel spray© It is believed 

that this heat transfer data in conjunction vd.th a mean drop size 

for the spray can be correlated with theoretical single droplet cal-° 

1 

culations to obtain vaporization rates© Biis project® performed 
in conjunction with Farnswctrmi^ who designed a test apparatus for 
the study of fuel spray vaporization processes® was concerned with 
the fabrication and testing of the experijicntal test apparatus© 

Preliminary test runs were made to determine the limitations 
and capabilities of the test equipraent© It was found that the test 
equipment in its original configuration was severely limited in its 
ability to provide controlled independent variation of the boundary 
condition parameters of interest in fuel spray studies© Some rede- 
sign and modifications were Incorporated into the test equipment® 
however® budgetary limitations did not permit immediate implementa- 
tion of all modifications that appeared desirable© 

In an effort to ^ow the possibilities of the experimental 
eqxiipffaent and to indicate the method of attack p:*o posed® (feta were 
obtained for temperature changes due to the vaporization of a fuel 
spray 3jn air streams of vaiious velocities© These data were 



essentially point surveys since control over the ‘boundarj’- jarametersj, 
other than air stream velocity., was not possible. Therefore* the 
effects of velocity changes could not be isolated and studiedo 

It is believed that the tests perfomed indicated that the 
basic test apparatus and the method of attack proposed offer many 
interesting possibilities in the study of fuel spray vapori.2;ation 
processes. It is recoranended that this work be continued. Detailed 
recommendations for modification of the test equipment and suggestions 
of how to proceed vrith the over-all project are included in this paper. 
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INTRODUCTION 



Statement of the Problem 

The i^tional design of high output conibustors for jet propelled 
aircraft requires an accurate knovrledge of the phases -which a hetero” 
geneous mixture of air and fuel passes beteeen the point of fudL 
injection and -the point there igni-fcion occtirso This igidtion delay 
period can5 for purposes of discussion^ be di-vided into physical 
and chemical components^ although no clear-cut ^-vision exists in 
the actual case and -the relative magnitudes of -the "two canponents 
is not kncnnio The physical component^ ioCo^ the -vaporiza-tion com- 
ponents must inevitably precede the chemical componentj at least 
partially# Ob-viously, knowledge of the magnitude of and -the factors 
affecting -the physical component is of great inportance in any study 
of -the igni-fcion delay period and knowledge of -the ignition delay 
period is of prime impor-fcance in combustor design# 

Vlhen a liquid fbel is injec-fced into the preigni-fcion zone of 
a ramjet, -turbojet, or an af-fcerbumer, -the fuel is believed to go 
through the foUovring s-fcagess The fuel leaves the nozzle orifice 
as a ligament or sheet# The ligament -then quickly breaks up into 
a large number of -various sized droplets# As soon as -the droplets 
are fomied -there is a tremendous increase in -fche surface area of the 
liquid exposed to -(he air and appreciable heat transfer from the 
combus-fcion chamber air to the fuel then becomes possible# As the 
heat transfer takes place, the droplets heat up and start to lose 
-their mass by vaporization and diffusion into the air# 
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Ihe droplet size and velocity relative to the air both have 
marked effects on the heat and mass transfer® From the moment of 
their formation, Ihe droplets are subjected to aerodynamic drag 
forces which tend to reduce Hie relative velocity between the droplet 
and ttie ccsnbustion chamber air stream. After a certain time has 
elapsed, each individual droplet reaches an equilibrium tengierature 
equal to the wet bulb temperature corresponding to the boundary condi- 
tions obtaining for that droplet at Hie moment and the droplet remains 
at its wet bulb tenperature until it has completely vaporized. 

The smaller droplets reduce Hieir relative velocity rapidly and 
give iqp their mass and conpletely vaporize relatively rapidly, so 
they travel as droplets only a short distance into the conbustion 
chamber. The larger droplets are slower in reaching their equilib- 
rium conditions and in conpletely vaporizing. In fact, some of Hie 
larger droplets are probably not completely vaporized until they 
move into the actual zone of combustion. A cloud of vapor from the 
smaller droplets, the vapor being given up by Hie larger droplets, 
plus what remains of the larger droplets move down the combustion 
chamber to some point where a combustible mixture is formed and igni- 
tion may be instigated at that point. 

Numerous investigators have made detailed studies of various 
individual problons idiich are integral parts of the over-all vapori- 
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zation problem. For exairples drop size distribution data, * 
vaporization rates and heat transfer coefficients for liquid drops, ^ 
pressure effects on vaporization rates of droplets in gas streams,^ 
and many others. 
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El=^/aMlj Uyehara, and Myers have made a very searching theoretic 
cal investigation of the mechanism by -vdxich sin^e fuel droplets 
vaporize in an air stream,, It is with their work as background that 
this project is undertaken » 

Method of Attack 

It is fully realized that the complexity of the fuel spray 
vaporization process is such that a purely analytical approach to the 
problem is not feasible now nor :dll it likely be so in the near 
future, Hovrever^ it is believed that an experimental approach to ob“ 
tain data which can be used in conjunction with the continuity^, 
energy^ and momentum^ equations hereafter referred to as the basic 
fluid flovr equations may serve to (l) provide useful information 
about the effects of various parameters on spray vaporization^ (2) prO“ 
vide information in regard to the design of apparatus to ejqperimentally 
study sprays^ (3) indicate the usefulness of the fluid flOT equations 
(>7ith necessary assumptions) as a tool for qjray analysis^ and 
(li) provide a means to correlate the expierimental ^ray data with 
the theoretical single droplet studies to obtain vaporization rates. 

It is believed that the experimental measurement of any one 
or all of the following parameters? static pressvire change^ static 
temp)erature change, and/or velocity changej %d.U serve to give 
reasonable data for the heat transfer involved in the vaporization 
process. This heat transfer data then can be used in conjunction 
■with a mean drop size for -the spray to ob-tain mass transfer (-vapori^ 
za'tion) da'fca by correlation ■with pre^vious work,"*' Provision for 
control of the various bo'undary conditions affecting the fuel spray 



vaporization offers the possibility of studying the effects of varia^ 
tion of the boundary conditions on the vaporization process o 

Farnsworth^ designed an e::5)eiiim3ntal apparatus (essentially 
a small open circuit wind tunnel) with a test section especially 
fitted out to simulate ihat portion of a jet engine combustion 
chamber in which the fuel spray vaporizeso The instnunentation and 
controls provided were incorporated for the specific purpose of pro- 
viding a piece of test apparatus to stu<iy fuel sprays ly the irethod 
of attack outlined above., 

!Qii^ project, then, proposed to (l) work with Farnsworth in 
the fabrication of the test apparatus, (2) test this apparatus to 
determine its limitations and capabilities as a tool in fuel spray 
studies, and (3) use a portion of Ihe eaperimental data obtained 
during the test runs to check the feasibility of using the fluid 
flow equations in fuel spray studies* The original, more ambitious, 
proposals visualized making actual spr^ vaporization analyses to 
study the effects of one or more of -the boundary conditions* Techni- 
cal difficulties and time requirements forced abandonment of Ihe 
latter proposals* 
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TEST EQUIBIEOT 



General Descrjptdon 

The design of ihe experijnental apparatus -used in this invest!” 
gation vtas r ported by FarnsT-rortho^ The experimental apparatus was 
built by Farnstjorth and this writer in the Mechanical Engineering 
Laboratolies at the University of Minnesotao Although a fairly CQm~ 
prehensive description of the test equipment xd.ll be made here^ the 
reader is referred to Famsxrorth for a detailed analysis of tiie de^ 
sign considerations xhich were incorporated in the xd.nd tunnel o 

Figxjre 1 shows a schematic diagram of the xind tunnel and its 
air supply system as it xras originally designed. It is to be noted 
that this original design differs from the final design^, shown 
schematically in Figure 2, only in the means of providing the air 
flox^ through the tunnel and the necessary piping and valve changes. 
In the original design the air floiir was furnished by the use of a 
four-cylinder^ foxjr-cycle ¥right Gypsy aircraft engine^ Figxxres 
5 and 6, which had been modified to serve as a two-cycle suction 
pxm^Do The prime mover for the suction pxrnip was an eight-cylinder 
Hudson automobile engine. When preliminary tests uere started it 
xjas discovered ihat ihe volxametric efficiency of the suction pun^) 
xfas considerably lower than had been anticipated^ in fact^ so low 
that reasonable test section velocities were Aobtainable. 

The rigid time schedule and the unavailability of a suitable 
replacement suction pump made it necessary to redesign for a differ- 
ent air supply. A centrifugal conpressor having ample (Opacity for 
the air flow desired was available and was incoiporated into the 



■wind tunnel sys-tem aa shown in figure 2. The compressor and its 
piline mover, a 16^ hors^cwer Lycoming tank engine, are ahoim in 
Figure ?• Ihe Lycoming engine was not equipped -wi-th a governor and 
had to be controlled by a throttle adjtjstment made at a remote con=* 
trol station shown in Figure 8» 

figures 3 and it show the layout of -the tri-nd tunnel and its 
pertinent dimensions e 

The air flow path was from the compressor into a large manifold 
and thence into the wind tunnel intake ductso A by-pass valve ■was 
provided to allow for fine adjus^tments of air flow since the ccm- 
pressor, driven by an ungovemored engine, was subject to flow 
fluctuationso The air then passed "through an air rotometer and into 
■the outside jacket of the heater section, figures 10 and 11 «, Although 
there is a throt'tle valve ^o"wn in Figure 2, this valve served no 
useful purpose in the equipment when the air svqoply was furnished 
by the conpressoro 

ihe hea'ter section has design provision for 12 Chromolax 
230 volt, 2h^0 "watt, fin-strip electric heaters* The heater sec- 
tion, with its jackets providing seme preheat, should produce air 
■terapera-fcures of approximately ^00 F "when "the test section air velocity 
is ^0 feet per second, according to design calculations Budgetary 
limitations precluded the installation of all 12 hea'fcers during 
the original assembly of the equipment* All experimental data re- 
ported in this paper "was taken "with the preliminary installation 
of only six heaters* 
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The air flow ihen proceeds iJirou^ the settling chamber^ 

Figure 12^ provided with screens to damp large scale turbulence^ 
is accelerated ihrough a nozzle, and flotxs into the test sectiorio 

The test section, shown in Figures 13, lil, and 1^, has a 
sqxiare cross-section with inside dimensions of Ii inches by U inches 
and a length of 20 inches* The test section is provided xxith glass 
side walls for visual and photographic observation* Static pressure 
taps are provided along the longitudinal center line of the top wall, 
at one inch intenrals for the entire length of the test section* Taps 
for the insertion of temperature and velocity probes are provided in 
three planes (l) upstream, approximately in tiie plane of fuel in^ 
jection, (2) survey station No* 1, approximately 10 3/ii inches down- 
stream from the point of fuel injection, and (3) survey station No* 2, 
approximately 18 3/U inches downstream from the point of fuel in- 
jection* The locations of the taps are indicated by the probes and 
the plugs, used to close unused taps, in Figure lij.* At the tixo sur- 
vey stations the taps provide for a complete survey of the test 
section in the vertical direction at three horizontal positions, 
located one inch from each side wall and at the horizontal center 
line* 

The fuel is injected into the air stream through a Monarch, 

5 gallon per hour, 30 degree cone, high-velocity fuel nozzle located 
on the test section axis at the test section entrance* The fuel 
system consists of a fuel reservoir, flow meter, pressure gage, 
control valve, and the necessaiy piping* Gampressed CO 2 provides 
the pressurization for the fuel systexa* A one-half inch water 
pipe supported by guy xires at the settling chamber exit was used 



to hold the nozzle 1 ji posd.tion and serve as a cooling water return 
jacket for ihe fuel cooling water* The fuel and tiie cooling water 
are carried to the area of 1he fuel nozzle by one=>fourth inch and 
three thirty-seconds inch copper tsiMngs respectively^, which are 
located inside the one=half inch water pipe and indicated in figure 17« 

The fuel«»v^cir air nixture^ after leaving the test secidon, 
proceeds through a diffuser into a surge tank, figure 16, equipped 
with safety blow-out valves to relieve the pressure in case of acci- 
dental ignition or explosion* From the surge tank the fuel=vapor air 
rdxtare was ducted into a large manifold and erirausted to the atmosphere * 

Instrumentation 

Air flew was measured by the air rotameter or calculated by 
the vse of the velo<n.ty, tejig^erature , and pressure measurements o 
Air stream temperature was measured by a shielded themoco'cple 1©- 
cated at the entrance of the test section* A mercury manomet®:', 
center left of instrument panel. Figure 19, connected to a static 
pressure tap located appxoxiraately at the test section entrance, 
was used to establish the gauge static pressure reference lev^* 

As is indicated in Figure 22, this reference pressure is connected 
to the reservoir of the alcohol manometer bank, right side of instru- 
ment panel, so •diat the readings of the alcohol manometers indicated 
differential pressure readings in the cases of the static pressure 
readings and indicated the (fynamic pressure readings for the velocity 
probes* The two outside alcohol manometers were connected to the 
two velocily probes* All other alcohol manometers were connected 
to the static pressure taps along tiie test section top waU* An 






indj.ned manometer^ upper left of instrument panel j, was provided to 
obtain more accurate readings of static pressure differences between 
the plane of fuel injection and the survey stations^ No. 1 and No. 2. 
Two total head probes were provided for the measurement of velocity 
at the test section entrance and at the two survey stations. 

Two iron~constantan thermocouple probes vjith ^edal baffles^ 
designed to deflect liquid droplets away from the thermocouple sensing 
elements were provided to survey the fuel-vapor air mixture at the 
tiro downstream survey stations. Figures 20 and 21 sha^ the general 
details of the themocouple probe construction. Since only two thermO" 
couple probes were available^ it was necessary to shift the probes to 
obtain the typical survey patterns as ^own in Figure 23 o Probe posi<= 
tions are designated by column for horizontal position and by row 
for vertical position. Further discussion of these probes is offered 
in the Results and Discussion^ since it is believed that they have 
considerable bearing on the experimental data obtained. 

Fuel flow was measured by a fuel rotometerj, upper left edge 
of instrument panels and the fuel pressure vras measured by the fuel 
pressure gauge. A globe valve located at the exit of the fuel 
rotoraeter provided a means of controlling the rate of fuel fLoi^r. 

Fuel temperature was measured by a themocouple element embedded 
in the base of the fuel nozzle filter chamber. 

All thermocouples were wired to a thermocouple switchboard. 

A direct reading Leeds and Northrup potentiometer unit was provided 
so that any desired temperature could be read directly in degrees 
Fahrenheit by ihroviing the proper switch on the themocouple switch^ 



board. 
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EXPHilMEWTAL PRCXJEDTJEE 

T3ie e^erimental apparatus as originally conceived and designed 
offers a tremendous field of possibilities for investigations of foel 
spray vaporization processeso The over-all fuel spray vaporization 
studies may include investigation of the effects of variation of test 
section entrance ten^jeraturej, velocity^ and static pressure | fuel-air 
ratioi fuel pressuie and ten^ieraturej fuelsj and possibly several 
others© The testing program that •will be necessary “to complete -these 
over-all fuel spray vaporization stu<H.es which can be accommodated by 
the basic experimen-bal apparatus will probably involve several “Siousand 
man-hours of work and will be a matter of -two or ■three years in being 
completed and is far beyond -the scope of this project© This project 
proposed to assist Farnsworth in -the fabrication of •the experimen-tal 
appara-tus^ -test the equipment^ and then proceed as far as time re- 
quireraents -would allow into the actual fuel spray •vaporlza'tlon studies© 
Since se-veral hundred man-hours were spent in the fabrication of the 
equipment^ it was realized -that the scop© of this investiga'tion could 
proceed little further -than testing the equipnent© 

A series of preliminary test runs were made -to check the de- 
sign calcuD^tdons^ and determine the operating limits of the ejq>er±'° 
mental apparatus© Farnsworth^ made vd,ocity surveys at the two sur- 
vey s-tations and rejx>rted satisfactory -velocity profiles -with no 
large scale turbulence or cross flow© Since the primary objective 
of -this investiga-tion was to test the equipment for vaporization 
studies, all test runs had to be made in operating limits that would 
insure sufficient vaporization -to produce measurable effects on the 



test section air streamo Tnese effects were to be measured as static 
presstire^ static temperature^ and velocity changes of the test sec~ 
tion air streamo 

Ihe preliminary test runs indicated tliat the equipment as 
originally built imposed serious limitations on the operating condl» 
tions tl-iat could be usedo These limitations were (l) the velocities 
attainable with the suction pvmp configuration were unacceptably low. 
( 2 ) the air temperatures, that could be obtained xidth the preliminary 
instailation of only one-half of the heaters, were mrginal and almost 
unacceptably lour, and (3) the combination of low velocity and low 
temperature resulted in little actual vaporization and introduced 
severe thermocouple wetting problems, particularly at survey station 

Ho • 1 e 

Redesign of the air supply system was undertaken and the problem 
of too low velocities was eliminated. Concurrent with the air supply 
redesign, thermocouple probe No. 1 x-jas modified by removing the 
second baffle and moving the thermocorple element to a point well 
inside the leading cone baffle . Thermocouple probe No. 2 remained 
as was and had its thermocoi;ple well back in the probe inside the 
third baffle. Figure 21. The air supply redesign imposed limita- 
tions and caused other difficulties. No satisfactory means of inde“ 
pendent control of static pressure and velocity were incorporated 
in the redesign due to budgetary and time schedule requirements. 
Therefore, ttie possibility of study of the effects of static pressure 
on vaporization was eliminated from ttiis project, since velocity 
changes always caused static pressure changes. 
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Hie redesigned air supply which worked at positive gauge 
pressures provided a sizeable increase in •ftie air stream densityo 
Hiis density increase in conjunction with the higher velocities^ 
which were necessary to obtain appreciable vaporization^, caused a 
large increase in the mass How of the airo Since the fuel system 
had been designed with capacity to give typical fuel»>air ratios at 
the lower mass flow rates of the air^ it was found that the fuel -air 
ratios which could be obtained with maximum fuel floW|, and Ihe increased 
air flow were quite lowo Pud. leakage around the exit of the thermo<= 
coiple leads fran the fuel nozzle filter chanber necessitated tiie use 
of fuel piressures of 70 psig or less« Several attonpts to step this 
leakage were made but no satisfactory results were obtained© Con= 
sequently^ the fuel system had to be operated at pressures of 70 psig 
or less© Hie possibility of isolating and studying the effects of 
typical fuel^air ratios on vaporization was largely elinrinatedo 

By far the most severe op>erating limitation occurring was the 
limitation impiosed by the attainable air stream tenperature © Since 
the driving force in the vaporization and diffusion process is the 
vaper pressure of the liquid thel and since the vap»r pressure is an 
exponential function of the temperature^ lew temjieratures give rise 
to very small amounts of vaporization© To measure the effects of 
the vaporization on the test section air stream^ it was necessary 
to obtain the maxinium vaporization possible | therefore^ it was 
necessary to use the maximum temperature attainable at all timeso 
To further complicate the temperature problem^ the variation of the 
air stream velocity naturally affected the temperature obtainable 
since the air stream passed over the heaters at different velocities© 
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Since the preliminary test runs indicated severe limitations 
on ttie operating conditicns attainable and pointed out the di£ficul~ 
ties of independent control of tiie variables so that the:ir effects 
might be isolated and studied^ the oidginal, test program had to be 
quite limited in scope o However ^ it is believed that the preliminaiy 
test runs served a very useful purpose. The information and ecsperl^ 
ence gained in these runs dictated the procedure to be used for the 
testing program for this project and served as a basis for most of 
the recommendations 3 offered later j for desi.gn refinements of the 
test equipment. 

The test program consisted of a series of i*uns at fotir differ^ 
ent velocities (lOl, 122^ l55s and 179 feet per second) ^ since 
velocity appeared to be the variable most subject to reasonable con^ 
trolled variation. The odd numbers used for velocities were due to 
the fact that predetermined cfynamic pressure heads^ which were used 
in the actual runs to set the velocity, were based on estimated tem~ 
peratures. The precalculated dynamic heads were for velocities of 
100, 125, l50, and 175 feet per second. It should be noted that 
these runs were of little or no value in studying velocity effects 
on vaporization since the other variables such as test section entrance 
static pressure, static temperature, and fuel^air ratio were not 
xmder control. 

Each run, •vdiich is defined as the taking of a complete set 
of data at a particular velocity, consisted of two parts. First a 
complete tenperature survey at each of the two downstream survey 
stations with a survey pattern as indicated jm Figure 23 was made 
with no fuel being injected into the test sectian. This part of 



the Ton provided a means of obtaining a temperatTire profile of the 
dry air stresua which conld be nsed for calibration purposeso Ihen 
the survey was repeated with fuel injectiono The fuel used for these 
runs was benzol© During the second part of the ron^ atteapts to 
measure static pressure and v^ocity changes were mde, but with no 
success© As indicated by Sample Calculation No© 1 of Appendbc Bj, 
these variations were very small and were largely masked by fluctua=> 
tions of the flow caused by compressor EPM fluctuations© 

The actual medianics of conducting each run were diplicated 
as nearly as possible for each run to minimize possible errors© 

The engine and compressor were started and the wind tunnel heaters 
turned on© Approximately one to one and one=>half hours of operation 
of the equipment with low air velocities was needed to heat up the 
mass of steel in the wind tunnel and let the teperatures stabilize© 
Approtrimately 10 to 1$ minutes before a run was started, the coipresscr 
was brou^t up to sufficient RPM and the by-pass valve ad;justed to 
set the dynamic pressure to a precalculated value to give the desired 
test section velocity© Die dynamic pressure reading was checked 
every few seconds and the ty-pass valve ad;Justed to maintain th© 
desired velocity as nearly constant as possible© 

As soon as the test section entrance air teiperature became 
restabilizedg it was possible to start the run© One operator set 
the thenaocouple probes by steps to each of the positiOTis diown in 
Figure 23, and maintained the adjustment of the ty-pass valve to 
maintain constant velocity© A second operator read and recorded 
the temperature data for the entrance air and the two survey stations© 



The second operator also controlled the fnel flow and recorded fuel 
flow^ fuel temperatiire^ and fuel pressure readings o Each run^ there- 
forej, consisted of lOh survey temperature readings^ lOh readings of 
entrance air temperature j, and the accessory fuel data® Each thermo- 
couple probe was used to take readings in each position of each 
survey station for each run® It was believed that this was necessary 
to prpvide a possible cross-check on the ej^jerimental data or to indi- 
cate aro'" differences in "die behavior of the thermocouple probes® 
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RESULIS AND DISCOSSION 

Bits iirrestdgation was designed to test the ejipeidrosntal 
apparatus designed by Farnsworth^ and to obtadn what experimental 
data that time limitations would allowo The results of the preliminary 
testing of the equipment have been discussed in the Ebq^erimental 
Procedxtre section of this paper^ since a history of the results of 
the preliminary tests dictated the experimental procedure that was 
followed, 

■nie experimental data that were obtained are shown in Tables I 
and U, 'Hiese data were reduced by the itethod explained in Appendix A, 
In the process of reducing the dataj it was noted that the dry survey 
data were practically constant for each individual probe position 
at a particular survey station regardless of velocity or of the probe 
used. It was decided that a single calibration correction sheet for 
each survey station wcxild be used in the processing of the data. 

These tivo calibration sheets^ Figure 2ks also present a picture of 
the temperature profiles at the two survey stations. It imist be 
remembered, when using the calibration flgtires to visualize a tem- 
perature profile, that plus corrections indicate temperatures colder 
than the reference level and minus corrections indicate tenperatures 
warmer than the reference level. 

The temperature profiles which were obtained are not satisfac- 
tory but time schedule requirements did not permit time for correc- 
tive measures. It is bdLieved that the installation of the remaining 
six heaters will correct this problemi however, if it does not, then 
guide vanes to redistribute the flow over the heaters will probably 
have to be incorporated into the wind hinnel. 
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As ■was previously mentionedj, the e^qjeriinental data obtained is 
of little value in lowing tJae effects of vaiying velocity on the 
vaporization process o ThiSj, of course <, ■was diie to Hie fact that 
the other variables ■were not under control and the effect of velocity- 
variation could not be isola-bed and studiedU This experimental date 
then is essentially a point survey of several indiid.d'ual points and 
serves primarily as a test of the equipment and instrumenta'tiono 
Bie experimental date, of Tables I and II are plotted in 
Figures 2 $ through 32 o The plots show general trends that were to 
be expectedo The -benperature drops were the greatest near the longi^ 
tudinal axis of the test sectiono This effect is due primarily to 
•the fact that -the local fuel~air ratios are consideratly higher in 
■this portion of -the air streamo More vaporiza-tion tekes place in 
this area of hi^ fuel*=air ra-fcios and more heat is extracted from -the 
air stream^ thus the higher -beijperature drops® Another consideration 
to keep in mind is -(he fact that the vapor formed in the outer por- 
tions of the air stream becomes a part of a lean mixture o The pre- 
ponderance of hot air in the outer portions of the stream tends to 
superheat the mixture® This latter effect tends to give small tem- 
perature drops in the outer portions of the test section® 

The expeilmental date provides some very interes-ting informtim 
regarding theimocouple probe design for irBasurements of tenperateji'e 
in wet ndxitures of fuel-vapor and air® Bote teemocoiple probes 
were used to measure tenperature at each position in all test runs® 

It was noted teat tee No® 1 probe always gave lower readings than 
•the No® 2 probe when reading -the wet mixture air stream temperature® 
teis indica-ted that tee probes reacted differently -idaen exposed to 



the wet mixtxire air streanij, although no such differing reaction had 
been noted in the dry survey data© 

A -thermocouple element reports -fche taig^erature which the -thermo-^ 
coi:5>le Itself attains o In nonflow problems the thermocouple essen- 
tially reaches -the tenperature of its surroundings and therefore can 
be used to report the tenperature of the surrounding medium, o Such 
is not the case when the medium moves past the thermocouple o Bie 
■ttiermocouple still reports -the tanperature -that it attains § but this 
•temperature depends on the balance of heat transfer to and from the 
■theimoeoiple itself© In -the thermocouples under discussion^, it is 
believed -that the heat flow to the thermocouple comes primarily by 
convection frcm the air flow over the thermocouple© The heat flow 
out is belieTed to be the result of radiation of -the -thermocouple 
to the baffle surround;lng it© 

With these considerations in mind the following possible ex- 
planation for the thermocouple reaction is offered. The air or 
•vapor-air mixture flow over both thermocouples was essentially Ihe 
same, although the baffles on the probes differ d.ightly© ihe 
baffles pro-bected -the thermocouples from the liquid droplets so no 
wetting of the thermocouple element itself -was normally present© 
Therefore, -the heat flow to either thermocouple was essentially 
equal© During dry runs all -the baffles on both probes reached 
approximately equal temperatures© Since the heat flow from the 
■thermocouple depended on -the tenperature of the body to -viiich heat 
was being radiated, thus -the heat flow from each -thermocouple Toas 
essentially equal© The heat fl, ow then balances at the same point 
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arid the theiroocouples ^ould reach and report the same tempera.tTires, 
as was the case in the experimental dry survey runso During the wet 
rxms it is believed that ihe forward baffle of a probe is partially 
wetted by fuel droplets and assumes a considerably lower tertgjerature 
than the back bafflLeSo Therefore^ the thermocouple of probe Noo 1 
which is located within and is radiating essentially to the forward 
cone baffle would attain and report a lovrer temperature than the 
thermocouple of probe No, 2 which is located in and is essoitially 
radiating to the third baffle on its probe® 

It is believed that the readings obtained with thermocotple 
No* 2 r^resent the most accurate data* It is fully realized^ however 5 , 
that this data may contain considerable error^ since the problem of 
measuring the temperature of a moving wet mixture is far from solved®"^ 
The design and development of a reliable thermocotqple probe for 
tengjerature measurements in a moving uet mixture would be an accomplish^ 
raent of considerable stature and would be an invaluable aid in the 
study of fuel sprays® 

Sample calculations are presented in Appendix B to indicate 
the method of using the experimental data in conjunction with the 
equations of continuity^ energy, and momentum® These equations re- 
duce to the case of three equations and four unknowns® If one un- 
known can be experimentally determined, then it is possible to solve 
for the other unknowns® IMs was the case of -Uie work done in Sample 
Calculation No® 1 of Appendix B® In case two or more of the un- 
kno■^ms can be determined experimentally, ttien the equations provide a 
means of cross-checking the experimental data as well as a means of 
solving for the other unknowns® 
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Sample Calculation Noo 2 of Appendix B vras made to Indicate 
the possibility of obtaining more realistic experimental data mth 
the basic test apparatus slightly modifiedo It is to be noted that 
the use of a higher entrance air tempera turej a higher fuel-air ratto^ 
and a fuel with slightly higher latent heat of vaporization woxald pro- 
vide significant changes in static pressure and velocity. 

Although the equations provide a complete solution with the ex- 
perimental measurement of any one parameteTj, it is believed that a 
much better eoqjerimental analysis of fuel spray vaporization processes 
can be made if all three e3q)erimental measurements can be obtained 
and cross-checked against each othero It is b^ieved that the ecxperi- 
mental measurement of static pressure changes offers the best possi- 
bility of obtaining accurate data if the equipment is operated mthin 
limits to provide measurable changes in this parameter. It was the 
original intent of this investigation to depend primarily on expeid- 
mental data for static pressure changes as a means for solving the 
fluid flow equationsi however, the operating limitations imposed by 
the present test equipment configuration forced the dependence on 
•the teir^jerature data. 

Ihe results of this inves-tigation have shown the operating 
limits of the "test equipment in its present configuration. The ex- 
perimental date that were ob-bained ^owed the possibility of measui’- 
ing some of the parameters ihat are of inportence in "the study of 
fuel spray ■vaporiza'tion processes. Sample calcula"tions verified 
•fche need for modification of "the test equipment so "that more realistic 
experimen-bal date might be obtained. Further modification of the 
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basic test apparatus to provide for independent control over various 
parajiieters, ioSo, entrance static pressure^ teiaperature , fuel -air 
ratio, etc»s so that they may be isolated and their effects studied, 
•will provide future investigators mth a very tiseful tool to study 
fuel sprays. The addition of photographic equipn^nt capable of 
determining drop size distribution "will open up the possibility of 
correlation of experimental spray data with El-¥akil*s^ theoretical, 
single droplet analysis so that actual rates of vaporization may be 
determinedo 
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CONCLUSIONS AND RECaiMEaffilAIIONS 

Frcm the preliminary tests and the foregoing discussion it is 
concluded thats 

lo The test apparatus in its present configxrration is ix)t a 
satisfactory tool for the study of fuel qjray vaporizaticn 
processeso 

2» The test ^paratus in its present configuration gives suffi- 
cient indication of its future possibilities to -warrant "the 
escpenditure of time and money for design modifications and 
refinements o 

3* Coraple-tion of the heater installation and modification to 
prcfvlde for independent control of static pressure^, tem- 
perature, velocity, and fuel -air ratio over wide operating 
ranges -will pro-vlde a highly satisfactory e^qjerimental -tool 
for fuel spray studies® 

ij.® Ihe use of the fluid flow equations as a tool in analysis 
of experimental data appears reasonable, although insuffi- 
cient experimental data -were obtained to pro-vlde conclusive 
results® 

Suggestions for future investigators using -this basic test 
apparatus are submitted as follo&rss 

lo A more stable air supply should be obtained® Iteration 
of the sys-bem under partial -vactaun is already pro-vided for 
in -the -wind -tunnel construction and would appear to best 
sinrula-te the conditims of most interest in combustion 



chamber design 
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2o Bie remaining six heaters should be installed and the 
wind tunnel should be insulated from the heater section 
to the test section to provide sufficiently high air 
ten 5 >erature to insure appreciable vapori zation o A variac 
should be installed in one of the heater circuits to pro- 
vide temperature control j, 

3o A system to provide for independent control of test sec- 
tion static pressure and velocity should be incorporated^ 
lj .0 A design study of ihe thermocouple probes should be mde 
to provide a basis for reasonable engineering estimates 
of the errors involved in these measurements^ 

5o ihe operating limits of the fuel system should be broadened 
by the installation of a larger capacity fhel rotometer 
and a larger nozzle o Effective sealing around the exit 
of the thermocouple leads from the fiel nozzle holder 
should be incorporated to allow higher fuel, pressures ^ 

So Provision for photographic equipment capable of recording 
drop sizes should be considered. 



APPENDIX A 



TEMPERATURE DATA REDUCTION PROCEDURE 

The temperature meastjrements at each position of each survey 
pattern consisted of an air steam temperature measurement mthout 
fuel injection and a measurement of fuel-vapor air mixture with fu^ 
injectiono Since the investigation desired to measure the tenperatore 
change due to vaporization, a procedure of data reduction was set up 
to isolate these changes® 

The procedure followed wass 

lo Ihe shielded therm ocoT: 5 )le located in the test section 
entrance was xised to survey the test section entrance 
temperature profile® 

2® This thermoicoiple was tiien placed at a position where it 
read the mean value of the entrance air temperature® This 
probe remained fixed in this position throughout all test 
runs® This thermocouple reading then became the I'eference 
temperature reading for the whole test section® 

3o The survey probe readings without fuel injection were 
then taken and two calibration charts. Figure 2k $ weia 
made® The calibration chart worked in the following 
manners The entrance air tenqjerature reads 202 F and the 
STirvey probe reads 192 F® A correction factor of plus 
10 degrees is then necessary and appears on the calibra- 
tion chart for this particular position on the survey 
pattern at the particular survey station® Essentially, 
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thenj) the calibration chart makes corrections that indi- 
cate a fictd.tio'us isothermal profile at eadi of the two 
sur-vey stations o 

ii« The survey probe readings were then taken with fuel in- 
jection and the jaroper calibration corrections appliedo 
These corrected readings were then subtracted from the 
entrance air reference temperature and the temperature 
changes due to vaporization were obtainedo 

A sample calculation for probe No. 2g station No» 2^, pasiticned 
on the test section axis follows s 

Calibration data - ^ ^ ^a2 ^ ^ 

Correction - 202 - 192 - +10 

Survey data - ® 211 F ® l8l F 

+ correction « 191 F 
A T ^ 211 F - 191 F ^ 20 F. 

It is to be noted that ihe entrance air temperature reference 
level varied by several degrees during the runs. Since no control 
of the temperature reference level was available^ these variations 
had to be accepted,, However j, it is believed tiiat no appreciable 
error was thus introduced beca\:ise temperatures were corrected to the 
reference existing at the time that the various readings were made. 






APPENDIX B 

USE OF EXPERIMENm DATA WITH THE FLUID FLOW EQUATIOMS 

In order to use ttie esgserimental da.ta with ihe continuity^, 
energy^ and mcmentum equations certain assumptions were necessaryo 
Die assun^itions made weres 

1* Mean values of tengieraturej, static pressure 5 and velocity 
may be obtained to represent the cross-sectional profile 
of the flow at any station. This reduces the problem to 
a one dimensional analysis. 

2. The kinetic energy terms of the energy equation are 
negligibly small . 

3o Die specific heat of the fuel-vapor air mixture is a 

constant and equal to the specific heat of the air at the 
telI^)e^ature of the entrance air. 

The following sairple calculation indicates the procedure 
followed and uses the data from the experimental test lun at a 
velocity of 101 feet per second, survey station No. 2, thermocouple 
probe No. 2. Die temperature differences from Figure 26 were used 
to obtain a mean temperatiire drop. The mean tecqDerature drop was 
obtained bys 

= 9.52 F, 

A 

where T^ r^resents any temperature drop on a typical survey 
pattern and is an area over which the A is considered to be 



AT - 



effective 



Hr * 
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Sample Calculation Noe 1 

1* Contin-uity equaiion, 

<“l ^ 2 ^2 ^2 



Ai = A2 



® 1^.67 psia Ta 6?0^ ^ 101.8 fps 

pAt 

X 101.8 . X V, 



670 X 53.3 



1^12 X 53 o3 



^ T 2 ^2 

%2 



= 2.382 






AT = 9.52 



%2 " - 9«52 = 660.U8°R 

PT2 Vg = 2.382 X 66 O.U 8 = 1573.3 

2. Energy equation, 

C T + Q « C TL, 
p ^ p ^l2 

.2la(Ta - Tjig) “ -Q 

.2ia(9.52) = 2.29 Btu/lb air 

^ 225.5 Btu/lb fuel 
P/A ■' 

where 

F/A = O.OlOlli is measured experimentally. 

3. Momentum equation, 

(PT2 - Pii)A - ^.7l - V 2 



g 




I 
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(P^ - 15.67) X llA X - .h^E^L£lJx£^ 

•^2 g g 

PT2 “ ® olia 5 “ O0OOI39 Vg 

from (1) substitute V« ® 

^ PT2 

Pt 2^ » 15.8115 PQ.g + 2,185 - 0 

Using tile quadratic formula, 

= 15,6720 psia 

Ap = .002 psi 

e 0O687 inches alcohol 

Using (1) Vg = » 100.il fps 

AY « 101,8 = lOOoU = l.U fps. 

The following sample calculation follows the above procedure 
and uses idiat are considered to be more reasonable -values for en- 
trance air -temperature and fuel air ratio. Ibis calculation is pre- 
sented in an effort to show that higher air tempera-ture and a larger 
fuel air ratio -will cause changes in s-ta-fcic pressure and velocity 
that are readily measurablw. 



Sample Calculation No. 2 

1. Continuity equation, 

^1 h \ - C2 ^2 ^2 






P^ == 15,67 psia « 960°R 

15.67 X lilil nnn „ ^1?2 ^ ^ v 

■^60 X 53.3 ^ i 5^5:3 2 



ss 100 fps 
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2« Energy equation*' p 



,21x6(960 ~ Tjig) « *36,7 

%2 “ 960 - 1U9.U » 8l0o6 

AT = lii9.1i 
Using (1) and (2), 

Pjg Vg = 1.632 X 810.6 = 1325 . 



P^2 - - 0.0953 - £)0099 Vg 

Using ( 1 ) and (2), 



Cp + Q - Cp Tjig 

•2>‘6(Ts - ’ka’ * -« 



Assume Q # 550 Btu/lb fuel 



Assume F/A = .066? 





- 15.7652 Pt2 + 1.31 » 0 



2 



Using the quadratic formula 



F.j,2 ® 15.6817 

AP » .0117 psi 

® oi;02 inches alcohol 



Using (1) and (2) s, 

Pj2 ^2 ^ 1325 

v,,^SL.. 

15.6817 



8U.5 fps 



AY 15.5 fpsc 
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Fig. 5 Suction Pump Side View 
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Fig. 7 Engine Pnd Compressor 




^ig. 8 Control Ppnel for Engine tperetion 
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Fig,9 Wind Tunnel and Accessories 




Fig, 10 Hept-r Section Assembled 
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11 Heater Installation 
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Fig. 13 -est Section 
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Fi»'. 15 '^est Section Side View 
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Fig. 20 Thermocouple Probe 
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Figure 280 Tenperatare Drop Due to Fuel Vsporizallon 

Station Noo 2 05 Veloc3.ty 122 fps^ F/A 0 ©00825 
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Figure 29 o Tesaperature Drop Due to Fuel V^orLzation 

Station Noo Velocity l55 F/A 0o00681t 
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Table I* Ten^^erature Dix)ps Due to Fuel Vaporization 



Probe 

Position 


Probe Woo 1 


Probe 


Noo 2 


Station Nb« 1 

Teit5)o 

Drop 


Station Noo 2 

T©i^p« 

Drop 


Station No« 1 
Teinp# 

Dtop 


Station No® 2 
Ten^)® 

Drop 






Velocity 101 fps 




A2 


17 


13 


3 


h 


li 


29 


16 


10 


9 


6 


30 


lU 


11 


13 


B1 


33 


26 


18 


15 


2 


36 


20 


15 


16 


3 


lii; 


26 


18 


25 


h 


li5 


26 


30 


20 




30 


28 


22 


9 


6 


27 


13 


16 


7 


7 


27 


12 


10 


10 


C2 


26 


17 


7 


6 


k 




16 


9 


8 


6 


32 


16 


11 


i| 






Velocity 122 ibs 




&2 


20 


12 


h 


6 


h 


33 


21 


10 


10 


6 


23 


15 


8 


7 


B1 


30 


28 


19 


8 


2 


3h 


25 


19 


9 


3 


h3 


32 


20 


19 


li 


k2 


2h 


3h 


18 


5 


29 


17 


12 


6 


6 


19 


16 


13 


h 


7 


19 


10 


10 


7 


C2 


23 


16 


k 


10 


U 


2h 


lii 


9 


8 


6 


30 


19 


8 


3 
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Table II o Tempera ttire Drops Due to Fuel Vaporization 



Probe 

Position 


Probe 


Noo 1 


Probe 


Noc 2 


Station Noo 1 
Tempo 
Drop 


Station Noo 2 

Teffl^o 

Drop 


Station Noo 1 
Temp. 

Drop 


Station No» 2 
Tenqjo 
Drop 






Velocity 1^5 fps 




A2 


26 


17 


6 


n 


k 


36 


21; 


13 


10 


6 


22 


19 


11 


5 


KL 


28 


30 


1^ 


6 


2 


32 


32 


19 


10 


3 


iiO 


32 


17 


17 




39 


27 


30 


16 


5 


31 


10 


11 


H; 


6 


31 


7 


8 


8 


7 


2h 


7 


10 


1; 


C2 


26 


16 


9 


31 


h 


22 


16 


9 


7 


6 


30 


21; 


lU 


6 






Velocity 179 fps 




A2 


26 


16 


h 


5 


h 


31; 


22 


11 


10 


6 


20 


17 


8 


1 


EL 


31 


30 


11; 


n 


2 


3ii 


32 


11; 


13 


3 


ko 


30 


15 


20 


h 


hh 


26 


28 


18 


5 


28 


h 


7 


6 


6 


26 


2 


6 


3 


7 


22 


n 


9 


1 


C2 


2^ 


11; 


5 


9 


1; 


19 
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6 


29 
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Preliminary testing of an 
experimental apparatus designed 
for study of fuel spray 
vaporization in jet engine 
combustors. 




